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Abstract 
Nonlinear elastic wave spectroscopy combined with imaging techniques such as acoustic time reversal (NEWS-TR) or sparse 
array tomography is a promising new methodology for detecting microdamage at an early stage.  When dealing with structures 
which could potentially contain many point-like nonlinear scatterers, there is a need to develop techniques for separately imaging
the defects using a distributed sensor network which can be used either in time-reversal imaging processes or for tomographic 
imaging.. In this contribution, we discuss the application of Independent Component Analysis (ICA) methods to solve the 
problem of separating multiple nonlinear scatterers distributed throughout a sample, either by combining ICA with time reversal
or by using ICA in conjunction with a tomographic experiment. We illustrate the procedure for ICA based tomographic imaging 
of multiple scatterers in an infinite medium. 
PACS: 43.25.Dc; 43.25.Jh; 43.60.Jn; 43.60.Pt; 
Keywords: nonlinear elasticity; microdamage imaging; independent component analysis; tomography 
1. Introduction 
The importance of Non Destructive Evaluation (NDE) for quality control of materials in different fields of 
industry has increased significantly in recent years.  Due to new requirements from the industry, NDE techniques 
are experiencing an accelerated development oriented towards faster and more sensitive damage detection 
techniques.  One of the promising new NDE techniques is Nonlinear Elastic Wave Spectroscopy (NEWS) [1]. In 
NEWS, a sample is generally excited by a source which stimulates and triggers a nonlinear response from the 
material microstructure at the defect position.  The resulting nonlinear features, such as harmonics and 
intermodulation frequencies, propagate throughout the sample and are subsequently recorded and analyzed by 
means of a network of sensors. This information can finally be used for localizing and characterizing defects using 
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time reversal imaging [2] or sparse array tomography [3]. The localisation procedure is well established for single
nonlinear scatterers, but requires more fundamental investigation when multiple scatterers are involved.
Independent Component Analysis (ICA) is a recently developed powerful statistical technique for source
separation that has found many applications in different research areas [4-6]. In this paper, we explore the potential
of the ICA model for multiple defect characterization, starting from a set of signals that are recorded by multiple
sensors embedded in or positioned on a material. The ICA model identifies the defects inside the material as the
possible sources resulting from blind source separation and is capable of allocating the contribution of these
individual sources to the observed signals provided the sources can be assumed to be statistically independent.
In the following paragraphs, we will first describe the general theoretical basis for applying ICA, and in particular
its potential use in connection with nonlinear spectroscopy.  Next, we discuss our first attempt at applying ICA to a 
tomography experiment with the purpose of separately imaging nonlinear scatterers in an infinite two-dimensional
medium.
2. NEWS based ICA model
2.1. NEWS signals
The general set-up of a 3D NEWS experiment is illustrated in Figure 1. A sample of arbitrary geometry is excited
by a transducer attached to one of the sample surfaces, generating sound waves that propagate inside the sample.
We assume that the source has a time dependence S0(t)=Af0(t), where f0(t) represents the (normalized) normal
component of the force exerted by the transducer and A its amplitude. To record information on the propagating
signals, N receivers are positioned on the surfaces of the sample which measure the normal component of the force
fi(t) for i=1..N at various places. In addition, we assume that the sample contains M interior nonlinear defects which
generate nonlinear contributions to the wavefields, broadcasted from the defect positions into the medium. Our goal
is to locate these sources of nonlinearity based on the recorded information. In order to filter out the information
emitted by the transducer and the purely linear wave propagation contribution, we record the signals fi(t) at two
amplitudes A1 and A2, with A2 much larger than A1.  The two received signals fi,1(t) and fi,2(t) are then ‘scale
subtracted’ in the following way [7]: 
2 1
2
, ,
1
( ) ( ) ( )i subtr i A i A
A
,f t f t fA
  t  (1)
Fig.1 Scheme of a NEWS experiment applied to a 3D sample.
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Equation (1) represents the recorded signals at the receivers as a response to the signal generated by the 
nonlinearity of the defects and broadcasted from these locations. The direct contribution of the transducer is
eliminated by the scale-subtraction procedure. The amplitude and phase spectrum of the defect broadcast signal
depends nonlinearly on the spectrum of the initial source signal from the transducer that arrives at the defect
location.
If the defects are pointlike and the propagation medium in the absence of scatterers has purely linear properties,
we apply linear system theory to follow the propagation of the defect broadcast signal and consider the recorded
subtracted signals as a convolutive mixture of the signals that were broadcasted by the various defects inside the
material. In the Fourier domain, the contribution of internal defect j, j=1..M, to the signal received at sensor i,
i=1..N, can then be written as 
( ) ( ) ( )Z Z ij ij jF H B Z  (2)
in which Fij(Z) is the Fourier transform of the signal at sensor i contributed by defect j, Hij(Z) is the frequency
response (or transfer function) from defect j to sensor i, and Bj(Z) is the Fourier transform of the nonlinearly
generated signal at the defect, broadcasted at that location.. The Fourier transform of the entire received signal at 
sensor i, Fi(Z), including all contributions from the scatterers, is finally given by
1
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 ¦
M
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j
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Note that there is no direct contribution coming from the physical source (transducer), because it has been
removed already by the scaling subtraction defined by Eq. (1).
2.2. ICA procedure
The goal of the ICA procedure is to use the information contained in the scale subtracted signals recorded at the 
receivers to determine the number of scatterers inside the sample, and if possible, their location and size.  At any 
given frequency Z, considering all sensors involved, Eq. (3) gives rise to a linear system of the form
0( ) ( ) ( )R M HZ Z Z
Z
 (4)
where R(Z)=(F1(Z),…,FN(Z))is the sample receiver vector containing the scale subtracted signals at the sensors, 
M(Z)=(Hij(Z)) (i=1..N, j=1..M) is the mixing matrix, and B(Z)=(B1(Z),…,BM(Z))is the vector containing the 
spectrum of the nonlinearly generated signals broadcasted at the defect locations.  Eq. (4) can be considered as a
convolutive ICA model, in which the unknown sources are given by Bj(Z),and the task is to determine their number
and frequency content.  The ICA problem is well-defined if the sources are statistically independent and if at most
one of them is Gaussian.  Note however that each physical scatterer can be associated with several components,
depending on its geometry and its physical properties.
If the frequency content of the signals is contained in a small region of the Fourier space surrounding a particular
frequency, the above defined convolutive ICA model can approximately be reduced to an instantaneous ICA
problem. The obvious choice for these frequencies in a NEWS experiment are of course the harmonics of the base
frequency which are excited by the nonlinear scatterers (for example the third or the fifth harmonic for a purely
hysteretic nonlinear system). By applying a narrow-band pass filter to the received signals at the frequency of one of 
the harmonics, and returning back to the time domain, we arrive at the following instantaneous ICA model:
( ) ( ) ( )Z Z   R t M B t  (5)
where RZ*(t) and BZ*(t) denote the vectors of the time signals band-pass filtered at Z*, and M(Z) is the mixing
matrix at that particular frequency.
The ICA problem defined in (5) can be solved by various standard methods.  In this paper, we have used the
standard JADE algorithm developed by Cardoso and Souloumiac [8]. We simply supplied the filtered scale
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subtracted signals as input (an estimate of the number of individual source components can be acquired by
inspecting the singular values), and the algorithm yields the individual source components and the mixing matrix.
The final step is to use the contributions of the individual source components to the signal received at each sensor
as input signals for a standard time reversal process or a tomographic imaging procedure. Doing so, one should be
able to obtain a selective focusing on the different sources (i.e. defects). An example of this procedure is provided in
the next section.
3. Example of an ICA-based tomography experiment for selective defect identification
In this section, we illustrate the use of ICA in conjunction with a tomography experiment. In the example we 
consider a 2D infinite sample of aluminum and make use of simulated wave propagation signals. The infinite sample
is modeled by a computational domain measuring 0.2×0.2 m2 surrounded by perfectly matching layers to eliminate
all possible reflections from the borders. The region of interest contains six transducers and two small nonlinear
hysteretic defects, each having a surface area of 1cm2 (see Figure 2). Only volumetric hysteresis is included in the
defect regions. In addition, the linear shear modulus in the interior of each defect zone is reduced by 50%. One of
the six transducers is activated as a source at two amplitudes A1 and A2, and emits a short pulse with a central
frequency of 250 kHz. The resulting signals are subsequently recorded at the entire sensor network, scale subtracted,
and used to compute the residual deconvolutioned signals as defined in Eq. (5) with a narrow bandpass filter
centered at the frequency of the third harmonic at 750 kHz. The set of filtered scale-subtracted signals is then used
as input for the JADE algorithm with M=6, which predicts the independent components and the contributions of
each scatterer to the signals observed at the sensor locations. The resulting signals are then finally combined to 
produce tomographic images which provide an indication of the position of the scatterers. In our example we used
the tomography procedure described by Michaels and Michaels in [3]. For completeness, a short overview of the
technique is included in the next paragraph.
Given the set of nonlinear signal contributions (obtained by JADE) at each sensor of a sparse array network, a
tomographic image of origin of the nonlinearity in the environment of the network can be created by considering
each point in the sample as a potential source of harmonics which originates as the result of microscale hysteresis at
that particular point. To do this, we first compute the necessary time tij,f for a signal to propagate from transducer “i”
to the potential defect location at (xf,yf), and from the defect location to receiver “j” assuming there is no mode
conversion and the group velocity is constant. Then, a time window starting at this decay time is computed and the
windowed signals from all transducer pairs are summed, as is done when calculating the interference of waves
coming from different locations. Finally, the energy of the summed signal at the considered point (xf,yf) is calculated
and represented in a contour plot.
Mathematically, the value of the energy corresponds to the following integral:
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with xf and yf the coordinates of the image point, Cij(t) the reconstructed contribution for each scatterer at sensor i
when transducer j is activated, w(t) a windowing function of width T, and tij,f the travel time from the location of
transducer i to the image point and then from the image point to the location of transducer j. If the group velocity cg
can be assumed to be constant, the signal travel time is given by
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with xi (xj) and yi (yj)  the coordinates of the transducer labeled i (j).
As discussed above, the application of the ICA procedure results in a set of six independent components. From
this set of components and the mixing matrix, we can compute the contribution of the k-th component to the signals
recorded at the sensors and use these signals to make an image employing Eqs. (6-8). Figure 2 illustrates two such
images that were obtained when components 5 (top plot) and 6 (bottom plot) are selected as input for the
tomographic procedure, respectively. (The location of the defect zones and the sensors are indicated by the open
black squares and filled white circles, respectively.) Blue colors represent zones with low probability of nonlinear
sources, whereas red zones have a high probability. We observe that ICA indeed provides information that can be
used to spatially separate the defects, although the resolution is not optimal and there is still room for considerable
improvement.
Fig.2  Tomographic images resulting from a simulation with two nonlinear scatterers located at x=0.11 m, y=0.14 m and x=0.06 m, y=0.16 m.
The position of the scatterers and the sensors are indicated with open black squares and filled white circles, respectively.
4. Conclusion
We have outlined a general theoretical framework for applying ICA to NEWS experiments with the purpose of
identifying multiple defects in materials.  Preliminary tests reveal the potential of the method. The main limitation of
the ICA model is the requirement of statistically independent sources. This condition is generally not satisfied in 
simple two-dimensional geometries. Preliminary results by Salazar et al. [9] indicate however that this situation 
improves considerably within the bulk of more realistic three-dimensional samples. On the other hand, for samples
exhibiting multiple reflections and irregular scattering, the ICA model becomes a general convolutive mixture
model instead of the approximated instantaneous case considered here [7]. Introducing convolutive mixtures
supposes that there are contributions from each source to all sensors at several instants in time, i.e., each observed
signal is a convolution of the sources in the time domain. We are currently testing newly developed convolutive ICA
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methods in order to be able to handle the general convolutive ICA problem in conjunction with NEWS for signals 
with arbitrary frequency content. 
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